Poly-N-vinylcarbazole/polyaniline (PVK-PANI) composites are synthesized by varying target loading concentrations of aniline (0.025 -0.1 M). The surface morphology of the composites is studied by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The temperature-dependent DC conductivity of PVK-PANI composite films was studied at the temperature range of 300 -500 K. The data suggest that the conductivity increase with an increase in aniline concentration in the composite with an increase in temperature. Further based on the conductivity behavior we can suggest that the PVK-PANI composites show a semiconducting behavior with a positive temperature coefficient of resistivity (TCR). The enhanced conductivity and the positive TCR of the PVK-PANI composite films may be due to the strong interaction between PANI and PVK in the composite films.
Introduction
Conducting polymer nanocomposites (CPC) have been obtained by the dispersion of electrically conducting fillers, such as carbon nanoparticles, [1] [2] [3] [4] [5] [6] metal particles, 7, 8 or carbon nanotubes, [9] [10] [11] [12] into a large variety of insulating polymer matrices. Dispersion is a critical step because the resultant CPC can have very different electrical properties, depending on processing temperature, 5 blending time, 1 and particle/matrix interactions. 13, 14 Controlling the effect of these parameters enables determining the appropriate balance between dispersion and aggregation phenomena to prevent the formation of micro-agglomerates or conductive pathway breakage. The wide choice of polymer/ filler combinations and the adjustment of conducting filler content (relative to percolation threshold) make numerous applications possible. Among different polymeric materials, poly-N-vinyl carbazole (PVK) has been widely used in light-emitting diodes and xerography, and generally as an electro-optically active polymer because of its specific photo-physical properties. [15] [16] [17] [18] [19] An important advancement in this direction is the preparation of the hybrid nanocomposite materials of these polymers using selective inorganic components. [20] [21] [22] [23] [24] The polymerization reactions of N-vinylcarbazole (VC) can be performed in bulk, in solution, in suspension, or in precipitation. [25] [26] [27] [28] PVK is a lightweight material with chemical and thermal stabilities. It has excellent electrical properties that make it highly useful in electronic devices.
Polyaniline (PANI) is one of the most potentially useful conducting polymers, possessing unique electrical properties that can be reversibly controlled by charge-transfer doping and protonation. The chemical method is one of the most common synthesizing processes for PANI production. 29 PANI is a particularly promising material for commercial applications because of its good environmental stability, facile synthesis, and higher conductivity compared with other conducting polymers.
30, 31 Recently, a number of studies on the chemical synthesis of PANI have been conducted; the synthesis was realized in the presence of polymer and oligomer acids with various structures. [32] [33] [34] [35] [36] [37] In addition, PANI has received considerable attention because of its unique reversible proton doping, high electrical conductivity, ease of preparation, and low cost. The demand for high-quality materials for electromagnetic compatibility has alarmingly increased. The production of radar-absorbing material is directly related to the development of new materials for applications involving stringent requirements in microwave reflection suppression. 38, 39 In this report, a template synthesis is performed with the aim of imparting new properties from PVK to PANI to improve the existing properties of the latter, such as its ability to form films and remove defects in the molecular structure of PVK. PVK-PANI polymer films were prepared using different target loading concentrations of aniline in the range of 0.025 -0.1 M. The enhancement of electrical conductivity in the 300 -500 K temperature range reveals semiconducting behavior with positive temperature coefficient of resistivity (TCR). Furthermore, the apparent activation energy was determined. The Arrhenius equation shows the dependence of the thermal rate process of electron transport within these temperature ranges.
Experimental Section
Materials. AR grade N-vinylcarbazole (VC), aniline, ammonium per sulfate (APS), ferric chloride (FeCl3), chloroform (CHCl 3 ), and absolute ethanol (C 2 H 5 OH) were purchased from Sigma-Aldrich. All solutions were prepared in aqueous media using deionized water.
Synthesis of PANI. PANI was synthesized by in situ polymerization in the presence of APS as initiator oxidant. The typical preparation process is as follows: [40] [41] [42] The aniline monomer was first dissolved in water, and the solution was sonicated for 30 min to obtain a uniform suspension. The APS solution was then slowly added, followed by cooling of the complete solution to -10 o C. The resultant mixture was allowed to react in an ice bath for 20 h. The precipitated powder was filtered and washed with distilled water and methanol until the filtrate became colorless, and then dried in a vacuum at room temperature for 24 h.
Synthesis of PVK. VC was used as monomer and FeCl3 as oxidizing agent to synthesize PVK. [43] [44] [45] For the synthesis of PVK, the monomer (1 g of VC) was dissolved in 5 mL chloroform. The oxidizing agent (1.0 g of FeCl3) was dissolved in 25 mL chloroform, and the resultant solution was filtered using filter paper. The VC solution in chloroform was then slowly added into the FeCl3 solution, maintaining temperature at 0 -4 o C using an ice chamber for about 12 h. Ethanol was added into the mixture at room temperature, and a white precipitate was obtained. This precipitate was recovered from the reaction vessel, filtered, and washed using ethanol and diethylether at least three times to eliminate the oxidizing agent. The powder obtained was washed in distilled water and acetone several times and then dried for a few days.
Synthesis of PVK-PANI composites. For the synthesis of the composite, 1 g of VC monomer was dissolved in 5 mL chloroform. One gram of FeCl3 oxidizing agent was dissolved in 25 mL chloroform, and the resultant solution was filtered using filter paper. The VC solution in chloroform was slowly added into the FeCl3 solution, maintaining temperature at 0 -4 o C using an ice chamber for about 20 h. This solution was later transferred to a 500 mL beaker, to which aniline was also added. The resultant mixture was sonicated for about 1 h. About 25 mL of ethanol was then added into the mixture at room temperature, and the obtained precipitate was sonicated for approximately 30 min. Subsequently, the 0.1 M APS solution prepared in water was slowly added. The mixture was then cooled to 0 -4 o C in an ice chamber and allowed to react for 20 h. 46, 47 The precipitated powder was filtered and washed with distilled water and methanol until the filtrate became colorless. It was then dried in a vacuum at room temperature for 24 h. The target mass loading of the aniline monomer in the composites was varied from 0.025 -0.1 M. The composites are abbreviated as PVK-y, where y refers to the molar concentration of aniline in the polymerization reaction. Aniline concentrations of 0.025, 0.05, 0.075, and 0.10 M were included in each composite of PVK-025, PVK-05, PVK-075, and PVK-10, respectively.
Preparation of the PVK-PANI composite films. For the preparation of the composite films, 41, 42, 48 the powder was treated with a solution of sodium ethoxide (C2H5ONa) and ethanol, and magnetically stirred at room temperature for 12 h. Finally, the precipitate was filtered and repeatedly washed with ethanol and stored in a desiccator for 4 h at room temperature. Then, 1 -2 g of finely ground powder was taken and added to 30 mL of NMP solution magnetically stirred for 24 h at room temperature. The concentrated solution was placed into a Petri dish, and the NMP solvent was allowed to evaporate at 45 o C for 48 h. The films were placed in distilled water, rinsed with ethanol, and dried at room temperature for another 24 h. To obtain solventfree films, the residual NMP was removed by three cycles of doping using 1 M HCl solution for 18 h and de-doped by 0.1 M NH4OH solution for another 18 h at room temperature. The resultant NMP-free composite films were cleaned in deionized water and dried at room temperature for 24 h. A digital micrometer was used to measure the thickness of the polymer films, which was about 30 µm a value of approximately 5% accuracy. The overall experimental scheme for the preparation of the PVK-PANI composite film is introduced in Figure 1 .
Surface morphology of the PVK-PANI composites. The morphology of the composite films was investigated by SEM (Philips XL-30 ESEM). AFM image analysis was carried out using a Digital Instruments D3100 AFM with a Nanoscope IIIa controller operating in air at a constant relative humidity of about 60%.
DC conductivity measurements. DC electric measurements for the obtained composite films were performed within the 300 -500 K temperature range using the four-probe technique, with a Keithly 224 constant current source and a Keithly 617 digital electrometer.
Results and Discussion
Surface morphology of the PVK-PANI composite films. Figures 2(a)-2(d) show the SEM images of PVK-025, PVK-05, PVK-075, and PVK-10 composite films, respectively. The figures show that the surface morphologies of the PVK-PANI composites introduced in this research do not differ to a great extent from PANI or its composites, as reported elsewhere. [49] [50] [51] However, PVK-025 film shown in Figure 2 (a) reveals a relatively non-uniform hard surface with large clusters. In PVK-05 and -075 shown in Figures 2(b) and (c), the clusters disappear to form an aggregated surface that appears nearly uniform with small particles. The surface of PVK-10 composite film appears more or less similar to those of PVK-05 and -075. The clusters/ particles disappear to form more aggregated structures. Thus, the surface of PVK-PANI films exhibits a change from cluster to aggregated structure during composite formation by increasing aniline concentration in the composite as shown in Figure 2 The surface morphology was also studied by AFM image analysis. Figure 3 shows a two-dimensional (2D; 3 × 3 µm) topography of the films PVK-025 (a), PVK-05 (b), and PVK-10 (c). Figure 3(d) shows a two-dimensional (2D; 2 × 1 µm) topography, which is an extended portion of PVK-05 composite film. Their section plots are shown in Figure 3 (e). The surface morphology of PVK-075 is not introduced in this study because it is similar to that of PVK-05. Comparing these figures, PVK-025 shows irregular structures in the form of fibers, whereas PVK-05 shows structures in the form of clusters. The cluster-like structures on the surface of PVK-025 and -05 may be due to PVK in the presence of PANI. The surface of PVK-10 is more or less uniform, which may be attributed to the high concentration of PANI in the composite films. The section plots for PVK-PANI are shown in Figure 3 (e). The typical structures present in PVK-025 and -05 composite shows more surface roughness, which appear to have decreased in PVK-05. The surface of PVK-10 is almost uniform. The increase in surface uniformity can be attributed to the presence of PANI in the PVK-PANI composite films. The amorphousness of PANI makes for nearly uniform composite films.
DC electrical conductivity in the PVK-PANI composite films. To understand charge transport mechanism in the PVK-PANI composite films, the temperature-dependent electrical conductivity was studied for all compositions. Figure 4 shows the variation in electrical resistance with temperature for PVK-025, PVK-05, and PVK-10. The electrical resistance exponentially decreases with temperature, similar to semiconducting behavior. Electrical resistance rises with the increase in PANI concentration. TCR was determined from the variation in electrical resistivity with temperature using the following relationship: 52, 53 TCR = (1/ρT1)(∆ρ/∆T) ( 1 ) where ∆ρ = ρ(T1)-ρ(T2) and ∆T = T2 -T1. Table 1 shows the calculated values of TCR in two different temperature ranges, one at 308 -403 K and the other at 403 -503 K for PVK-025, PVK-05, and PVK-10 composite films. The values of TCR in either range exhibit positive values, which are higher at low temperature ranges and lower at high temperature ranges. Figure 5 shows the electrical conductivity with temperature for the PVK-PANI composite films. The conductivity data suggest that PANI has a positive influence on the conductivity of the PVK-PANI composites. This may be due to the chain structure containing PANI particles aligned in the form of interspersed chain-like structures in the regions.
54-56 Figure 6 shows the dependence of room-temperature electrical conductivities on the concentration of aniline in the polymerization process of PANI in the film form of the PVK-PANI composites. PVK has a conductivity of 5.08 × 10 -6 S/cm, whereas PVK-10 has a value of 1.07 × 10 -4 S/cm. Thus, we can say that conductivity rises with the increase in PANI concentration in the PVK-PANI composites. However, the conductivity values obtained in this study for PVK-PANI composite films are lower compared with those of other PANI composites reported in our earlier studies. [40] [41] [42] 44, 45 This may be due to either the extremely low conducting nature of PVK or low PANI concentration. The polymer composite exhibits an appreciable electromagnetic interference-shielding efficiency compared with the previously reported PANI composites. 47 Figure 6 shows that the conductivity of the composites appears to change as an exponential function of PANI concentration. This is in consistent with Ohe and Naito's report, 57 in which conductivity is an exponential function of the inter-grain gap when tunneling currents flow. Tunneling is an important mechanism for current flow in polymer composite systems and change in room-temperature electrical conductivity of composites. This indicates that the PANI particles of the PVK-PANI composites system are homogeneously dispersed, and the intergrain gap of the PANI particles shortens, leading to the easy formation of conducting network with an increase in PANI concentration. Thus, the tunneling current easily flows and the electrical conductivity of the PVK-PANI composites increases as an exponential function. The temperature-dependent conductivity behavior can be ascribed to two mechanisms for electrical conduction in the composites. The first mechanism is where the increase in electrical conductivity for the composite system, such as PVK-PANI, can be attributed to thermal energy at high temperatures, which excites electrons to the conduction band. This may be referred to as the thermal process, which can be expressed by the Arrhenius equation.
where σ is the DC conductivity, σ0 denotes the constant for a material, kB is the Boltzmann constant, T represents the absolute temperature, and Ea is the activation energy. The other factor (mechanism) is that the mechanism that takes place at a low temperature region is attributed to the hopping process. The excited electrons lose their transitional ability to the conduction band with the reduction in temperature. Thus, the electrons attempt to find a state with a similar energy by tunneling beyond their nearest neighbors to hop into more distant sites. This is referred to as the variable range of hopping explained by Mott's theory, expressed as
where A is the Arrehenius constant. The values of Ea for the composites can be determined using the slopes of the fitted lines as in Figure 7 . Because the curve of Figure 7 respectively. Thus, the activation energy rises with increasing temperature for the composites. This may be the reason why conductivity increases with temperature. Figure 8 shows the plot of log(σT 1/2 ) as a function of T -1/4 for the composite films PVK-025, PVK-05, and PVK-10. This figure shows a nearly linear relationship within the temperature range, supporting the assumed mechanism. This observation is consistent with Mott's variable range hopping process. 41, 42, 58 The surface morphology and the conductivity data for the PVK-PANI composites suggest that the molecular dispersion of PVK in solution might form a micro-gel state. With the polymerization process of aniline into PANI, the PANI particles might attach to the PVK particles by the result of the active sites being created by the continuous electron path at the interface of PVK-PANI composites. Therefore, we conclude that the electrical conductivity of the PVK-PANI composite films increases with temperature for all the composites as the PANI concentration is increased, exhibiting a thermal electron process at a high-temperature region and a hopping process at a lowtemperature region. The apparent activation energy shows a pronounced effect with the increase in temperature and PANI content.
Conclusion
PVK-PANI polymer films were synthesized by chemical polymerization method using APS as oxidizing agent with different aniline concentrations. The surface of the composite films becomes smoother as the concentration of PANI (aniline) increases. DC conductivity was studied in the 300 -500 K temperature range. The conductivity of the samples shows an increasing trend with temperature, and the variation is noticeably higher at elevated temperatures. The activation energy also increases with aniline concentration. The TCR values are positive and higher at low temperatures and decrease at higher temperatures. The PVK-PANI composites films prepared in this manner are cost-effective because they reduce the usage of sophisticated techniques, such as the Langmuir-Schaefer and Langmuir-Blodgett methods, which are expensive and delicate to handle.
The synthesis of new polymer composite films by PVK as template increases the chemical and physical properties of PANI conducting polymer, which is a good sign for both PANI and PVK as a conducting polymer and a photo-conducting material in industry, respectively. Therefore doping or incorporating of PVK as a template for polymer composites is a simple and good method which envisages the development of a new nano-composite material.
